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N onright-handedness (mixed-and left-handedness) occurs in approximately 22% of preterm children, a rate almost twice that in term-born children (12%). 1 Those born extremely preterm (<28 weeks) are also at high risk of neonatal brain injury and altered brain development and structure, 2, 3 as well as cognitive, emotional/behavioral, and motor difficulties. [4] [5] [6] One theory for the increased prevalence of nonright-handedness in some preterm children is that it may be caused by early brain injury, disrupting the normal neuroanatomic distribution of motor and potentially other functions (see Bishop et al 7 for review). Therefore, handedness may be an easily assessed correlate of adverse functional outcomes in preterm survivors, but the associations of mixed as opposed to left-hand preference with outcomes remain unclear.
Many studies of preterm children have combined left-and mixed-handed groups to increase statistical power, with equivocal evidence for disadvantage in nonright-handed preterm children. [8] [9] [10] Stronger left-handedness has been associated with poorer reading, spelling, mathematics, and working memory, 11 and greater right-handedness has been positively associated with general intellectual ability. 12 In the general population, mixed hand preference is infrequent but has been linked with childhood mental health difficulties including autism spectrum disorder (ASD) and attention deficit hyperactivity disorder (ADHD). [13] [14] [15] However, data examining mixed handedness in preterm children are limited and conflicting. 12, 16 The purpose of this study was to examine associations of hand preference (left, mixed, and right) with cognitive, academic, and motor skills as well as behavior and mental health in a large cohort of 10-year-old extremely preterm children. We hypothesized that left-and mixed-handed children would both have poorer outcomes than right-handed children.
Methods
The Extremely Low Gestational Age Newborn study is a multicenter prospective, observational study of the risk of structural and functional neurologic disorders in extremely preterm infants born in 2002-2004. 17 At 2 years of age, 1102 of 1200 survivors underwent developmental assessment. 18 At 10 years of age, 966 children were recruited for follow-up and 889 were enrolled. Institutional review boards of all participating institutions approved this follow-up study.
A modified 12-item version of the Dean Laterality Preference Schedule was used to assess "laterality preference." 19, 20 Parents rated their child's hand preference for various manual tasks on a 5-point scale ("always left" [-2] to "always right" [+2]). Total scores were defined as right-handed (>10), left-handed (<−10), or mixed-handed (−10 to 10). Primary outcomes were measures of cognitive functioning: (1) 25 and the Gross Motor Function Classification System. 26 We converted continuous scores to age-standardized z scores against the normative mean to allow comparison across measures. Behavior and mental health measures included diagnosis of ASD (for methods see Joseph et al 27 ), and positive screens on the parent-rated Child Symptom Inventory-4 Parent Checklist 28 for ADHD, oppositional defiant disorder, conduct disorder, generalized anxiety disorder, motor tics, vocal tics, major depression, dysthymic disorder, social phobia, separation anxiety, enuresis, and encopresis.
In our sample, scores on most tests had a larger number of children at the low end of the distribution (so-called "fat tail"). Therefore, we focused on scores of z ≤ −1. Multivariable logistic regression models assessed the risk of very low scores (z ≤ −2) or positive screens for behavior problems associated with mixed-and left-handedness compared with righthanded children. Models included potential confounders (mother's age at birth, child's sex, gestational age category, and birth weight z score <−2). As motor deficits may confound performance on cognitive and motor tests, we conducted sensitivity analyses excluding children with MACS scores ≥level 3, to determine whether findings were similar in those without manual impairment. Given the large number of comparisons, our interpretation focused on the direction and magnitude of effects.
Results
Handedness data were available for 864 of the 966 children recruited, with a mean age of 10 years (SD 0.7). Most children (n = 670, 78%) were classified as right preference, 17% as left preference (n = 145), and 6% (n = 49) had mixed preference (Table I ; available at www.jpeds.com). Compared with others, children with mixed preference were more likely to have mothers with no formal education past high school and who were not married, and less likely to have a small head circumference at birth. Boys were over-represented in the left-and mixed-handed groups.
Cognitive, Academic, and Motor Outcomes
Children with left-handed preference generally had similar rates to right-handed children of very low scores on cognitive, academic, and motor measures, except for greater difficulties in visual processing and fine motor skill (Geometric Puzzles and Visuomotor Precision) ( Table II ; available at www.jpeds.com and Figure 1 , A). In contrast, mixed-handed children more often had very low scores in cognitive and academic domains other than simple inhibition, speed of processing, and spelling. Rates of milder deficits (−2 < z ≤ −1) were similar across groups. Most children in each group had low MACS scores but mixed-handed children were more likely than others to have fine motor/manual difficulties (very low Visuomotor Precision or MACS ≥level 3), and gross motor difficulties (Gross Motor Function Classification System ≥level 3). Sensitivity analyses excluding children with manual handling difficulties yielded similar patterns as the primary analysis, although the magnitude of some relationships weakened (Figure 2 ; available at www.jpeds.com).
Behavior and Mental Health
Children in the mixed-handedness group were more likely than others to be diagnosed with an ASD. Compared with their leftand right-handed peers, those in the mixed group more often had parent-reported symptoms of ADHD (inattentive and hyperactive/impulsive), generalized anxiety, motion tics, vocal tics, and dysthymic disorder, although these ORs included a value of 1 after adjustment for covariates (Table III; available at www.jpeds.com and Figure 1, B) .
Discussion
In this study, we investigated associations of inconsistency and direction of hand preference with a wide range of functional outcomes at school age. Contrary to our hypothesis, lefthanded preference was generally not associated with poorer cognitive, academic, motor, or behavioral functioning than right-handedness at age 10 years. As expected, however, children with mixed hand preference did less well than their right-handed peers on most measures.
In contrast to some previous reports, 11, 12 left-handed extremely preterm children had similar rates of cognitive, academic, and motor difficulties to their right-handed peers. The exception to this was poorer fine motor skill and visualspatial perception/mental rotation in the left-handed group compared with right-handers. Previous studies with smaller cohorts have shown that handedness was related to dexterity in preterm children but the direction of reported effects has varied. 8, 9 Our results broadly concurred with evidence that children with right hand preference in the general population outperform those with left hand preference, on at least some visual-spatial skills, such as mental rotation. 29 However, our left-handed children showed similar performances to righthanded children for more complex visual-spatial reasoning tasks. Our study did not include familial handedness as a covariate that may have been useful in identifying "nonpathologic" left-handedness. 11 We found mixed-handed children were at increased risk, relative to right-handed children, of difficulties in verbal and nonverbal ability, attention and cognitive flexibility, academic achievement, motor abilities, and parent-rated behavior. The cognitive and academic difficulties identified were considerable, suggesting that mixed-handedness may arise in the context of altered brain development or injury sufficiently severe to also produce major cognitive and academic deficits. Despite the loss in power, this pattern was similar after excluding children with manual handling difficulties, suggesting that the observed deficits were not attributable to physical limitations in performing the tasks and, therefore, that cerebral palsy is an unlikely explanation for the observed associations. In the only other report of a contemporary extremely preterm sample, mixed-handedness was not related to cognitive or motor difficulties in 180 6-year-old extremely preterm children. 12 Although the direction of hand preference may emerge relatively early, the degree of hand preference may strengthen over childhood. 7, 30, 31 Consequently, differences in assessment of THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 195 • April 2018 handedness (questionnaire vs performance), 32 sample size, and age at assessment may have contributed to the different patterns of findings.
The results of our study indicated an association between adverse behavioral and mental health outcomes and mixedhandedness in extremely preterm children, including some evidence for increased attention, mood, anxiety, and autism spectrum features. These findings extend earlier work reporting similar risks for mixed-handed individuals in the general population to the extremely preterm population. 13, 14 Although previous smaller studies have not found increased rates of behavioral problems in nonright-handed preterm children, 11 differences in methods and sample size in the current study may explain discrepant findings. Our behavioral findings reflect parental ratings of behavior (for outcomes other than ASD), and as such do not necessarily indicate the presence of clinically diagnosable disorders. The association of mixedhandedness with ASD was among children who also had cognitive impairment, and not among ASD children who were not cognitively limited. One interpretation of our overall findings is that neurologic injury manifests both as mixedhandedness and functional difficulties in cognitive, motor, and behavioral domains. Hence, the clustering of mixed-handedness, behavior difficulties, and cognitive difficulties merits further exploration.
Our study has several strengths. The high follow-up rate in this large, well-characterized cohort gave us the power to examine wide-ranging functional correlates of mixed-handedness Parent Checklist (CSI-4) and for an ASD diagnosis at age 10 years. Analyses were adjusted for mother's age <21 years at delivery, gestational age category 23-24 weeks, birth weight z score < −2, and male sex. Large black dots indicate that the ORs are significantly >1 (P < .01), as does the lower bound of the CI to the right of the vertical line.
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as distinct from left-handedness in the most biologically vulnerable preterm survivors. Limitations included the absence of a control group and the need to rely on normative data, but we selected well-validated cognitive measures with recent US population norms. We could not control for familial-handedness, making it difficult to identify "pathologic" lefthandedness. Although our sample size was large, the study was not powered to directly compare the smaller numbers of left-handed children with mixed-handed children. We chose a 99% CI in an effort to balance the risks of type 1 and type 2 errors with multiple comparisons. We might not have achieved both of these goals. Handedness measurement is challenging, with a wide variety of methods used to assess handedness in the literature and no universal definition of mixed-handedness. The measures and cut-points used to define hand preference may influence results. We used a questionnaire rather than actual performance of actions, and these 2 facets of handedness may not always align. However, our approach identified similar proportions of children with nonright-handedness as previous reports, 1 and used symmetrical cut-points. Future studies should measure both reported hand preference and performance to determine the robustness of these associations. Finally, the capacity of handedness to predict later outcomes could not be addressed in this cross-sectional study. ■ 
